ABSTRACT
INTRODUCTION

1
The advent of Intelligent Transportation Systems (ITS) enables the acquisition of various sensor data in the improvement through various techniques such as vehicle identification, queuing analysis, and advanced 23 data processing, the practical use of the approaches is still challenge when complicated procedure/models 24 were adopted. 25 Instead of relying on point sensor-based approaches, there is increasing interest in applying probe 26 vehicle data for travel time estimation. Compared with point sensor data, the probe vehicle data often 27 directly capture the time stamps when vehicles travel across different locations. Thus, they provide more 28 reliable information on individual vehicles' actual travel time. Lessons learned from a limited number 29 practices imply that it is highly desirable to find better estimation techniques. Issues such as sample size, 30 locations of readers, and data fusing algorithms still need more investigations, compared to the other 31 conventional detector-based approaches. 32 Thus, the primary objective of this paper is to develop a travel time estimation method based on 33 probe data. Specifically, it focused on the closed freeway systems with electronic toll collection facilities 34 on ramps. A detailed estimation approach has been presented and its performance as well as applications 35 have been illustrated through case studies. 36 
37
LITERATURE REVIEW
38
Numerous research projects have been devoted to estimate highway travel times using various sensor data. 39 One of the major categories of travel time estimation efforts was dedicated to mine the spot measurements Soriguera and Robuste (18) also suggested that those estimation approaches relying on speed interpolations 10 failed to provide better estimation because they did not account for traffic dynamics and queue evolution. 
Since there is no direct measurement for the travel time Oik t  of the short segment within an 8 interchange, a linear expansion factor is assumed based on the length of the segments. The estimation of 9 Oik t  is described as follows:
where Oi S is the length of the segment between the off-ramp diverge area and the on-ramp merge area of 11 toll plaza i ; Bij S is the length of the segment between the on-ramp merge area of the entry toll plaza i and 12 the off-ramp diverge area of the exit toll plaza j . 
18
The travel time between a toll plaza i and toll j can be simply estimated by the above equation 
Since there will be information delays due to vehicles traverses from one link to another, equation 5 (6) is used to synchronize the vehicles that enter the target link at the same time interval.
Once the travel time for the target link ij is derived based on equation (5) One way to obtain the entry and exit travel times is to assume that there is a constant travel time 19 given the fixed distance (between toll plaza and mainline) and the corresponding speed limits. However, 20 despite the relatively short distances between entry and exit points, the entry travel time Step 1: check the number of ETC measurements and found no observation
Step 2: check the number of ETC measurements and found only one observation
Step 3: check the number of ETC measurements and found two observations
Step 4: check the number of ETC measurements and found three or more observations
CASE STUDIES
5
Travel Time Estimation
6
The proposed travel time estimation method is applied to the New Jersey Turnpike (NJTPK), a part of the 7 Interstate Highway I-95. The studied highway is a closed tolling system that collects tolls through both a 8 traditional ticket system and an ETC collection system at the toll plazas. Despite the availability of the time 9 stamps for all vehicles entering and exiting the toll plazas, only EZ-Pass users were considered as probe 10 vehicles because other cash users may be delayed when picking up the tickets at an entry toll plaza, 11 returning tickets, and paying cash at an exit toll plaza. Data from 2011 were used. The case study section 12 is narrowed down to eight links between Interchanges 9 and 5 as shown in FIGURE 3. The estimated travel times based on ETC data are compared with the estimated travel time using peak period (7 am to 9 am) and PM period (5 pm to 7 pm) on different days. twice that of the link's free-flow travel time. To calculate the CFI, the threshold value in equation (12) was 7 assumed to be 1.5 times of free-flow travel time. As such, it was found that the link between interchange 7 8 and interchange 6 in the southbound lanes were more frequently subject to congestion as the CFI was 11.1 9 percent. This is followed by the link between interchange 7 and interchange 7A in the northbound. Overall, 10 the TTI of AM periods during both weekdays and weekends were less than that of PM periods. This 11 observation indicates that the travel time during the PM periods is higher than that of the morning peak The main purpose of this study is to provide a travel time estimates using probe data collected by the ETC 6 system instead of other sensors specifically deployed for traffic monitoring. However, the estimation can 
